Abstract. A 0.02%C plain carbon and a 0.22%C TRIP steel were tested in compression in the temperature range 900°C to 1150°C and strain rate range 0.05s . Thirty-two experimental flow curves were obtained in this way. The critical conditions for the initiation of dynamic recrystallization were determined by the double differentiation method. Using a dislocation density model to describe the austenite flow stress, the work hardening parameters r and h were derived and are used to model the flow curve in the absence of dynamic recrystallization. The latter was employed to calculate the fractional softening attributable to dynamic recrystallization. The kinetics of dynamic recrystallization are then described using Avrami kinetics. Finally, the dependences of the Avrami and work hardening parameters on Z, the Zener-Hollomon parameter, are used to model compression flow curves at strain rates an order of magnitude greater than the ones employed in the tests.
Introduction
The amount of softening due to dynamic recrystallization (DRX) can be important in determining the separation force and torque in rolling mills. For this reasons, models for the kinetics of DRX can be of considerable use in the design and control of rolling mills [1] . Previous analyses of DRX have generally employed the volume fraction recrystallized X D , described by Avrami type equations expressed in terms of the peak strain ε p and critical strain ε c [2] [3] [4] [5] . An alternative approach has involved associating a recrystallized volume fraction of 50% with the point at which the softening rate is at a maximum on the stress-strain curve [6] . In this instance, X D was again specified in terms of an Avrami type kinetic model. In still another study, El Wahabi et al. [7] considered that the mechanical softening is directly proportional to the recrystallized volume fraction. Such softening was taken as beginning at ε p and the Avrami formalism was employed to calculate the Avrami time constant k and exponent n.
In the present study, the net softening due to DRX is defined as the difference between the dynamic recovery curve pertaining to the as-yet unrecrystallized grains and the experimental flow curve. The work hardening curve is derived using a method described previously [8] . The kinetics of softening then describe the shape of the flow curve after the initiation of DRX. This method of modeling flow curves is employed to predict stress-strain curves at strain rates greater than those employed during testing.
with respect to strain dρ/dε) depends on the current value of the dislocation density ρ (stored energy per unit volume) via the work hardening parameters r, the rate of dynamic recovery, and h, the athermal work hardening rate [9] . Here, the work hardening parameters r and h are taken to be strain independent [8] .
In order to obtain a general equation describing the flow curve, Eq. 1 must be integrated and ρ converted into stress σ. This is done with the aid of Eq. 2, as demonstrated in a previous paper [8] .
Here M is the Taylor factor, µ the shear modulus, b the Burgers vector and α a material constant about equal to 0.5. Conversion then leads to:
where σ wh is the work hardening flow stress, σ 0 is the yield stress and σ sat is the saturation stress. It has been shown [8] that σ sat depends on h and r according to:
Note that the stress terms in Eq. 3 are squared. Some authors [10] have employed somewhat similar relations, but with linear stress terms. As can be seen from Eqs. 3 and 4, only the r and h parameters are required to plot the work hardening curve (in addition to the coefficients M, α, µ and b). These parameters are obtained by analyzing the experimental flow curves. For this purpose, Eq.1 is rewritten in terms of flow stress with the aid of Eq. 2. The left hand side of Eq. 1 can then be expressed as:
Here θ is the current value of the work hardening rate dσ/dε. With the aid of Eq. 4, Eq. 1 is finally converted into flow stress form as given by Eq. 6:
In order to determine r and h, the experimental stress-strain data must be replotted in terms of 2θσ vs. σ 
Materials and experimental method
Two different steels were investigated in the present experiments. The first was a Ti-stabilized low carbon steel, steel A, and the second a Nb-modified TRIP steel, steel B. Their respective compositions are listed in Table 1 . The compression conditions employed, also listed in the table, were chosen so that the stress-strain curves only exhibited single peaks. At each temperature, 4 strain rates were used, leading to a set of 16 curves for each steel. Cylindrical compression samples (11.4 mm in height and 7.6mm in diameter) were machined from rolled plates with the cylinder axes parallel to the rolling direction. Grooves were machined into the end faces of the samples in order to provide reservoirs for the boron nitride lubricant that was employed. Compression testing was carried out on an MTS servo-hydraulic machine with a maximum load capacity of 100 kN. Samples were heated up to 1200°C and held for 15 minutes and then cooled to the deformation temperature. The specimens were held for 5 minutes at temperature to permit homogenization prior to testing.
The yield stresses were defined using a 2 % offset. The part of each flow curve between 'yielding' and ε c was fitted with a 7 th order polynomial using the MATLAB TM software. The polynomials were employed to produce the 2θσ vs. σ 2 plots and to calculate the r and h parameters. The critical stresses and strains associated with the initiation of the DRX were calculated by means of the double differentiation method [11] .
Results and discussion
Compression stress-strain curves. A selection of stress-strain curves for steels A and B is presented in Figure 1 -a and Figure 1 -b, respectively. All the curves exhibit well defined peaks and steady state stresses typical of the occurrence of dynamic recrystallization [12] . Derivation of the work hardening curve. As mentioned above, the work hardening parameters r and h were obtained by converting the stress-strain curves into 2θσ vs. σ As can be seen from these figures, the trends of the 2θσ vs. σ 2 plots are similar for both steels. There is a central linear part that extends from the yield stress to the critical stress for the initiation of DRX; the latter are identified by crosses on Figures 2-a and 2-b. Once DRX has been initiated, the rate of energy storage (proportional to 2θσ) decreases rapidly and the rate of increase in the dislocation density ρ (proportional to σ 2 ) decreases as well. After the peak stress (intercept with the horizontal axis), the dislocation density continues to decrease until the steady state is reached.
The work hardening parameters r and h were evaluated from the 2θσ vs. σ 2 plots in the manner outlined above, leading to the values displayed in Figure 3 -a. These are plotted as functions of the Zener-Hollomon parameter Z=ἐ exp(Q def /RT), where ἐ is the strain rate, Q def the activation energy, and R the gas constant. Q def values of 428 and 542 kJ.mol -1 were determined from the peak stresses for steels A and B, respectively. For the calculation of h, the temperature dependences of b [13] and µ [14] were taken into account and M and α were set equal to 3 and 0. 
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Recrystallization and Grain Growth IV becomes less effective as the temperature is decreased or the strain rate is increased. For steel B, the values of r remain relatively constant at around 6 in the range of Z studied here. Such behavior may depend on the chemical composition of the steel. Once r and h are known, the work hardening curves associated with each compression flow curve can be constructed by using Eq. 3. Three examples of such stress-strain curves, for steel A and B, are illustrated in Figure 3 -b, together with their respective experimental flow curves. The work hardening curves overlap the experimental flow curves until dynamic recrystallization is initiated. The flow stress associated with the unrecrystallized material then increases gradually until the saturation stress is reached. The latter depends on an equilibrium between the rates of work hardening and dynamic recovery and is therefore sensitive to the strain rate and temperature.
Avrami kinetics of DRX. The Avrami formalism was used here to derive the kinetics of DRX. For this purpose, X (Eq. 7), the fractional softening associated with the occurrence of DRX, is represented as a function of the time t, referred to as the dynamic recrystallization time, the Avrami constant k, and the Avrami time exponent n, as given by the following relations:
log ln [1/(1 -X)] = log k +n log t
Here X was defined as the difference in stress between the work hardening curve and the experimental flow curve (Figure 3-b) . Softening was defined as beginning at the critical strain for the initiation of DRX and assumed to go to completion (X=1), when the steady state is reached. According to this view, full mechanical softening is not related to a particular volume fraction of DRX. The critical strain ε c is used as a reference strain to derive the true dynamic recrystallization time, defined as t=(ε -ε c )/ἐ. The Avrami kinetics deduced in this way are presented in Figure 4 The influence of strain rate on the DRX time can be estimated by plotting log t 50 vs. log ἐ, where t 50 is the time of half softening. Examples are given in Figure 5 . Here it can be seen that the average values of the strain rate exponents are 0.72 and 0.77 for steels A and B, respectively. Thus the rate of softening increases almost linearly with the strain rate, as suggested earlier [8] . With regard to the temperature dependence, an increase of 100 °C leads to acceleration by a factor of about 1.6 for a) b)
both steels, which is also in good agreement with previous results [15] . The longer steel B recrystallization times, compared to steel A, equivalent to retardation by a factor of about 2.3, can be ascribed to the strong solute drag effects of the Si and Nb present in solution in steel B (Table 1 ). for steel B
These equations can be employed to predict the kinetics of DRX and by extension experimental flow curves.
Modeling of compression flow curves. The flow stress under dynamic recrystallization conditions can be specified with the aid of the work hardening curve and the DRX kinetics. This leads to the relation given in Eq. 11 below. Such equations can then be employed to predict flow stresses under Z conditions that are close to those pertaining to rolling mills. An example of such a calculation is presented below.
Here σ wh is the flow stress specified by Eq. 3.
To apply Eq. 11 to strain rates that are higher than the ones used in the laboratory, corrections must be made for the effect of Z on σ wh and X. The influence of Z on the Avrami time exponent n and constant k has already been made explicit above (Eqs. 9 and 10). This enables the prediction of X with the aid of Eq. 7. The dependence of r on Z is available from Figure 3 -a. However, the saturation value of r at high Z is not known for steel A, so only the behavior of steel B will be modeled here, using a fixed r value of 6. The dependences of σ sat , σ 0 , σ ss and σ c on Z are also required. These are provided in Figure 6 -a for steel B. Note that as h is incorporated into the value of σ sat , it does not have to be specified separately. At high values of Z, the amount of softening due to DRX at a given strain (i.e. the DRX volume fraction) is reduced. This leads to an increase in the steady state stress compared to the peak and saturation stresses [10] . From the power law relations displayed in Figure 6 , it can be seen that σ ss and σ c increase more quickly with Z than do the other stresses. Thus when compression flow curves are predicted for higher and higher Z values, there will be less and less softening due to DRX (i.e. the difference between σ sat and σ ss will decrease).
Prior to the initiation of DRX, the flow stress is specified completely by the work hardening relation (Eq. 3). Once σ c ( Figure 6 ) is attained, the fractional softening X, as given by Eq. 7, must be taken into account. For this purpose, the Avrami plots are assumed to remain linear over the range 0.01 < X < 0.99 of dynamic recrystallization and not just from X = 0.1 to X = 0.9. Some compression flow curves simulated in this way for steel B are presented in Figure 7 . Here, strain rates ranging from 0.05 to 10 s are also displayed in Figure 7 . There is good agreement between the predicted and observed flow curves, which is probably a result of the low scatter in the experimental data ( Figure 6 ). 
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When the strain rate is further increased to 10s -1 at T =1100°C (Figure 7) , the predicted flow curve still exhibits a little DRX softening, although the peak stress is shifted to a much higher strain. When the value of Z is increased progressively at 900°C, the softening due to DRX gradually disappears over the strain rate range 0.05s , the predicted critical and steady state stresses are actually higher than the saturation stress. At these relatively high strain rates, steel B no longer undergoes any DRX (X=0) and the predicted flow curves are simply based on the work hardening relationship (Eq. 3).
Summary
The work hardening behaviors of the unrecrystallized regions of two steels were determined from compression stress-strain curves. For this purpose, 2θσ vs. σ 2 plots were prepared, where θ = dσ/dε. This graphical approach enabled the work hardening rate h and the dynamic recovery rate r to be evaluated in a straightforward manner. Extrapolation of the work hardening behavior prior to the initiation of DRX to beyond the critical strain permitted the flow curve pertaining to the unrecrystallized regions to be described analytically. The net softening attributable to DRX was then defined as the difference between the work hardening and experimental flow curves. The kinetics of DRX softening were quantified using the Avrami relationship. Comparison of the behaviors of a low carbon steel and a TRIP steel revealed the strong influence of Si and Nb on retarding the kinetics of DRX. By employing the dependence of the Avrami parameters n and k on the ZenerHollomon parameter Z as well as those of the characteristic stresses (σ sat , σ 0 , σ ss and σ c ), it was possible to predict the flow curves applicable to conditions not attainable in the laboratory. This enabled prediction of the flow stresses pertaining to Z values closer to those of industrial rolling mills.
